In models of maintenance of genetic variance (V G ) it has often been assumed that mutant alleles act additively. However, experimental data show that the dominance coefficient varies among mutant alleles and those of large effect tend to be recessive. On the basis of empirical knowledge of mutations, a jointeffect model of pleiotropic and real stabilizing selection that includes dominance is constructed and analyzed. It is shown that dominance can dramatically alter the prediction of equilibrium V G . Analysis indicates that for the situations where mutations are more recessive for fitness than for a quantitative trait, as supported by the available data, the joint-effect model predicts a significantly higher V G than does an additive model. Importantly, for what seem to be realistic distributions of mutational effects (i.e., many mutants may not affect the quantitative trait substantially but are likely to affect fitness), the observed high levels of genetic variation in the quantitative trait under strong apparent stabilizing selection can be generated. This investigation supports the hypothesis that most V G comes from the alleles nearly neutral for fitness in heterozygotes while apparent stabilizing selection is contributed mainly by the alleles of large effect on the quantitative trait. Thus considerations of dominance coefficients of mutations lend further support to our previous conclusion that mutation-selection balance is a plausible mechanism of the maintenance of the genetic variance in natural populations.
G ENETIC variation in quantitative traits is a ubiqui-
Falconer and Mackay 1996, Chap. 20; Bü rger 2000; Barton and Keightley 2002) . In classical models it is tous phenomenon. As the only ultimate source of genetic variation, mutations change their carriers ' val- assumed that natural selection acts either directly on the metric trait (i.e., real stabilizing selection; Kimura ues of both the metric trait and fitness. That is, muta-1965; Turelli 1984; Bü rger 2000) or on the mutant tions input fresh polygenic variance into the population genes that affect both the trait and fitness (i.e., pure and at the same time put the population under selection pleiotropic selection; Barton 1990; Keightley and by decreasing their carriers' fitness to a varying extent . Hill 1990; Kondrashov and Turelli 1992) . Assuming These conflicting effects of mutations appear to suggest that the metric trait is not neutral and undergoes real small genetic variation. However, high levels of genetic stabilizing selection, nevertheless, a model in which variance (V G ; i.e., a heritability in the range 25-50%) pleiotropic and real stabilizing selections are combined are observed typically in natural populations for quantican induce significant stabilizing selection as well as tative traits, and it has usually been assumed that traits substantial genetic variance . are under strong stabilizing selection, with apparent However, it still has difficulty in accounting for the obstrength (V s,t ) ‫02ف‬V e (Turelli 1984; Endler 1986; Fal- served levels of V G and V s,t for what appear to be realistic coner and Mackay 1996). [However, Kingsolver et mutational effects, e.g., many fewer genes substantially al. (2001) recently concluded that stabilizing selection affecting the metric trait than fitness. In that model, as might be substantially weaker than has been assumed.] in most mutation-selection balance models of genetic Here V s,t is expressed as the "variance" parameter of the variation, mutants were assumed to be additive. pseudo-Gaussian fitness function, where high V s,t implies
Properties of mutations such as the distribution of weak selection. Although attracting much theoretical their effects and degree of dominance are fundamental attention, the mechanism of the maintenance of the to many phenomena, such as the evolution of sex (Chasgenetic variance in quantitative traits under stabilizing nov 2000; Keightley and Eyre-Walker 2000; Agraselection that should rapidly deplete that variance in wal and Chasnov 2001), the long-term response to natural populations still remains an open problem (see artificial selection (Robertson 1960; Hill 1982a) , the mutational load (Charlesworth and Charlesworth 1999; Wang and Hill 1999) , and the maintenance of 1 research effort has been put into its study (Simmons 1983) . Assuming mutations at all the mutable loci have the same s and h, the expected mean fitness of an outand Crow 1977; García-Dorado et al. 1999; Keightley and Eyre-Walker 1999; Lynch et al. 1999) , knowledge bred population at equilibrium is W ϭ ⌸
, where ϭ ͚u of properties of mutations is still very limited. Nonetheless, it is widely believed that the distributions of homois the haploid genome mutation rate. For the special case of hЈ ϭ 1 ⁄ 2 and h Ͼ 0, and all mutants having the zygous effects of mutations are leptokurtic and highly deleterious mutations tend to be nearly recessive (Simsame effect a on the trait as homozygotes, the genetic (additive) variance is approximated as V G ϭ 2nx(1 Ϫ x) mons and Crow 1977; Charlesworth 1979; ; Caballero and Keightley 1994; García-a 2 /4 Ϸ a 2 /(2hs) (cf. Barton 1990), which differs greatly from the conclusion of V G ϭ a 2 /s "for any deDorado et al. 1999 deDorado et al. , 2003 Lynch et al. 1999) . It is also reasonable to assume that the distribution of homozygree of dominance" (Caballero and Keightley 1994, p. 889) . This indeed shows that V G is not in general gous effects of mutations on fitness should be less leptokurtic than that on the trait (Caballero and Keightley independent of the dominance of mutations, and therefore it is necessary to investigate it more generally even 1994; Lyman et al. 1996) because many mutants may not affect the trait under study substantially but are likely in the pure pleiotropic model. It is arguable that mutations that are (partially) recesto affect fitness. In natural populations at mutationselection balance (MSB), heterozygous mutants, which sive for fitness will segregate longer in the population and contribute more to the genetic variance than those far outnumber the mutant homozygotes, are critical to maintenance of genetic variance. However, dominance that are additive. The total strength of apparent stabilizing selection may be affected little as it is determined coefficients of mutational effect are often assumed to be invariant, having a value of one-half (additive) in mainly by real stabilizing selection . Thus, if the assumption of invariably additive models of maintenance of quantitative genetic variation through MSB (Kimura 1965; Lande 1976; Turelli mutations is relaxed, the joint-effect model will surely give different predictions for V G and V s,t . In this study 1984; Barton 1990; Keightley and Hill 1990) . The exception, to our knowledge, is the study of Caballero we explore the extent to which dominance of mutations can help to account for the genetic variation maintained and Keightley (1994) . They reviewed the data up to then of dominance coefficients of the mutational effects in a population at MSB. For convenience, the previous joint-effect model ) is referred on fitness components (h) and metric traits (hЈ) from Drosophila studies and took into account the varying to as the additive model in the rest of this article. dominance of mutations in a purely pleiotropic model. On the basis of investigations using a set of parameters obtained from their survey, they concluded that the MODEL AND METHODS equilibrium variance of the metric trait is "practically independent of the dominance" (Caballero and Gene action and contribution of mutations: A population of N diploid individuals, with random mating and Keightley 1994, pp. 890 and 896) . In a neutral model (Lynch and Hill 1986) , dominance of mutations was at Hardy-Weinberg equilibrium, is assumed. It is also assumed that the mutation rate per locus is so low that also found to have little effect on genetic variance.
Theoretically, dominance comes as a consequence of at most two alleles are segregating per locus. Mutations in a diploid individual are assumed to have effects on the biochemical role played by a gene (Wright 1929; Haldane 1930; Kacser and Burns 1981) . As Kacser a metric trait z, with a being the difference in value between homozygotes, and pleiotropic effects on fitness, and Burns (1981, p. 661) argued, "there is no inevitable identity of the effect of two alleles on the dominance with s being the difference in fitness between homozygotes. The haploid genome mutation rate is and the index for a particular character and that for fitness, just as two pleiotropically related characters may have mutational variance in the quantitative trait is defined as
). There is neither linkage nor epistasis. different dominance indices if they involve different pathways." Thus the situation where both h and hЈ are Linkage disequilibrium between two segregating loci may be common but is unlikely to be an important the same cannot be common. In fact, available experimental data suggested that h and hЈ are different and factor as long as mutations remain at low frequencies in the majority of cases. Overdominance is also ignored. vary among loci (Mukai et al. 1972; Simmons and Crow 1977; Crow and Simmons 1983;  Although associative overdominance on some loci will appear due to a positive correlation in homozygosity Lopez and Lopez-Fanjul 1993; Santiago et al. 1992; Lyman et al. 1996) . For pure pleiotropic selection, the between loci, it is significant only within populations with substantial inbreeding (Lynch and Walsh 1998; genetic load incurred by mutations is independent of the dominance (Haldane 1937) . This is because the Charlesworth and Charlesworth 1999; Wang and Hill 1999) . frequency of a deleterious mutant gene at MSB is x Ϸ u/sh if 4Nhs ӷ 1 and selection is much stronger than Let the frequencies of the wild-type allele (A) and the mutant allele (a) at a given locus be 1 Ϫ x and x, the mutation rate u (hs ӷ u; cf. Crow and Simmons respectively, and so the frequencies of genotypes AA, 1]x i a i is the mean effect on the trait and 
metrical about a ϭ 0, and only deleterious mutations on fitness are assumed to occur, in accord with the
classical view (Falconer and Mackay 1996) . The effects (1) of mutations, |a| and s, were sampled from a gamma distribution or a function thereof: the "squared gamma The genetic variance in the trait z affected by n independistribution" and the "square-root gamma distribution," dent loci is given as where, respectively, √s and s 2 , for example, have a
gamma distribution (cf. Zhang et al. 2002) . Note that the reflected square-root gamma ( 1 ⁄ 2 ) distribution is the normal (Gaussian) distribution. Here variants of the with the additive variance, V A,i , and the dominance varigamma distribution are employed to show that different ance, V D,i , contributed by locus i as distributions that possess the same variance and kurtosis
Dominance coefficients of new mutations are as- (Falconer and Mackay 1996) , respectively. The sumed to be either constant or variable across loci. Analstrength of apparent stabilizing selection can be meayses of available experimental data suggest that domisured as the regression of fitness on squared deviation nance coefficients decrease with the size of homozygous of the trait value (z) from the optimum (z) and evalumutational effects (Mukai et al. 1965; Simmons and ated as Crow 1977; Charlesworth 1979; Lopez and LopezFanjul 1993) , and the mean dominance coefficient is (1994) , we assume dominto two parts: that due to real stabilizing selection, inance coefficients for the pleiotropic effect on fitness V G2 /2V s,r , and that due to the pleiotropic effect on fitare uniformly distributed in the range 0 Ͻ h Ͻ exp(ϪKs), ness, Cov p , where where the constant K is determined so that for a given distribution of s, the average dominance coefficient is h.
For example, if s follows a gamma (␤ 2 ) distribution with (6) mean
Similarly, hЈ is assumed to be uniformly distributed in the range 0 Ͻ The variance of squared deviations can be decomposed hЈ Ͻ exp(ϪKЈ|a|). Further it is assumed that h Յ hЈ if as V G2 ϭ m 4 ϩ 2V 2 G with the fourth moment under selecthe degree of dominance varies, as h and hЈ may be tion, correlated (Caballero and Keightley 1994) . In this study, the following methods are used to compute
and V s,t , as mutual checks. Single-locus Monte Carlo simulation:
ent stabilizing selection experienced by the trait acts on the alleles at all segregating loci, the above analysis In the above expressions
shows that its strength can be computed by summing Keightley (1994) , mutational effects were sampled from P (a, hЈ, s, h) , and the equilibrium value of f(x) the impact of each locus separately. Using the above basic expressions, we can simulate the process for each assuming no overdominance was obtained by integration of segregating mutant until its fixation in or loss from a population. For each new mutant with properties (a, hЈ,
(8) s, h) sampled from a quadrivariate distribution P(a, hЈ, s, h) as described above, its initial frequency x 0 is set to Monte Carlo integration was used to compute Equation 8. 1/(2N), where N is the actual size of the population. We then calculate Equations 1-7. In the next generation, the expected mutant frequency is given by x 1 ϭ x 0 ϩ ⌬x and the actual frequency is sampled from a binomial 1, 3, 6, and 7 can be ignored, reducing to were sampled and the averages of all those quantities were taken and then multiplied by 2N (the expected
(9) number of new mutations each generation) to obtain expected values of V G , V D , m 4 , Cov p , and V s,t at the steady
(10) state of accumulation and loss of mutations.
Individual-based Monte Carlo simulation: As a check
/4 (11) for the above single-locus simulation, a multiple-locus and individual-based simulation procedure, modified
(12) from Hill (1983, 1988) , was used. The population was started from an isogenic state and alWith this rare allele assumption, only the heterozylowed to reach equilibrium by ignoring the first 6N gous effects of mutants, hs and hЈa, are relevant to the generations. Each generation the sequence of operagenetic processes that control the equilibrium genetic tions was mutation, selection, mating, and reproduction. /16]/s, respectively. These quantities fitness around a constant value from generation to genare evaluated by Monte Carlo integration (e.g., Keighteration, comparable with Haldane's (1937) law, i.e., ley and Hill 1990). Compared with the additive model exp(Ϫ2) for large populations, whereas in the model , all else being the same, the of Hill (1983, 1988 ) mean fitness alequilibrium genetic variance V G decreases if h Ͼ hЈ and ways keeps falling. For each generation of the equilibincreases if h Ͻ hЈ, as expected intuitively. In fact, the rium population, V G , V G2 , and Cov(w, (z Ϫ z) 2 ) were strength of apparent stabilizing selection can be simplicomputed and averaged to estimate their means.
fied as Diffusion approximations: Kimura's (1969) diffusion theory was applied under the infinite independent
13) loci model. Assuming no epistasis, the density function or of the stationary distribution of allele frequency at MSB, φ(x), is given by Equation 37 of Kimura (1969) . In
contrast to Kimura (1969) , here the overall selective (cf. Zhang and Hill 2002, Appendix A) , where the coefficient s of a mutant depends on its frequency, domistrength of apparent stabilizing selection due to pleionance coefficients, the trait effect, and the pleiotropic tropic effects is effect on fitness (see Equation 1 ). The expectation I f of an arbitrary function f(x) with respect to the equilib- 
V M , suggesting that whenever the genetic varimations in a large population when 2NE(s) ӷ 1 and, using single-locus simulation, to show how the depenance is close to the observed levels, the stabilizing selection due to pleiotropic effects of mutations is quite weak, dence of V G on the degree of dominance of genes is affected by population size. For other cases, diffusion in agreement with the pure pleiotropic model (Barton 1990; Zhang et al. 2002) . As the asymptotic expectation approximations are used to save computation time. Our aim is to display quantitatively what differences the vari-
2 vanishes when N → ∞ (Kimura 1969), the dominance variance vanishes due to the fact that able dominance and the exact shape of distributions of mutational effects cause to the predictions of V G and V s,t . almost all segregating mutant alleles are in heterozygotes. Thus additive variance comprises most of V G Dependence of V G and V s,t on the population size: As natural populations may not be sufficiently large and within a large population.
If dominance coefficients are constant across loci, the distribution of mutational effects is highly leptokurtic such that 2NE(s) ӷ 1 may not hold for some mutant algebraic expressions for V G and V s,t can be obtained for some distributions of mutational effects (cf. Figure 1 , where the fitness (s) of mutations follow independent gamma (␤ 1 ) and gamma (␤ 2 ϭ 1 Ϫ ␤ 1 ) distributions, respectively, results from different methods are in good agreement. As the population size N increases, V G and V s,t increase then and approach asymptotic values predicted by analytical
approximations, while V D increases to a peak and then decreases and vanishes, although larger population sizes
are required to approach infinite approximations when
mutational effects become more leptokurtic. The trend of dependence of V G and V s,t on N is similar to that for ( and Keightley 1994). In the following, except where (4V s,r ) represents the mean selection coefficient arising stated otherwise, we consider large populations such from real stabilizing selection on homozygous mutathat 2NE(s) ӷ 1 holds and thus analytical approximational effects on the trait. If the two dominance coeffitions apply. cients h and hЈ are the same, the genetic variance V G Influence of dominance on V G and V s,t : This is shown increases with dominance coefficients whereas V s,t dein the following three different situations. creases. However, if all mutations are additive for the Dominance coefficients equal and constant: Consider the trait (i.e., hЈ ϭ 0.5), both V G and V s,t increase as h desituation where dominance coefficients for the pleiotrocreases, and at the extreme situation of h ϭ 0, the housepic effect on fitness and for the trait are the same, i.e., of-cards approximations hold: V s,t ϭ V s,r and V G ϭ 4V s,r h ϭ hЈ, and remain constant across loci. The results in (Turelli 1984) . This shows that even though pleiotro- Figure 2 show that the genetic variance V G increases pic effects on the carriers of the mutations when homowith the dominance coefficients, but that the increase zygous occur in principle, the population experiences in V G is not large, in agreement with the prediction of little pleiotropic selection as real stabilizing selection is Caballero and Keightley (1994) . The value of V s,t effective in keeping recessive mutants rare and thus decreases as the degree of dominance of mutants inheterozygous. In the other extreme case where pleiotrocreases; i.e., the apparent stabilizing selection becomes pic effects on fitness follow the geometric distribution stronger, but more slowly so as the kurtosis of s increases. (Hill 1982b ; i.e., ␤ 2 → 0), Equations 16 and 17 also
The results indicate that with dominant mutations, only return to the house-of-cards approximations, reflecting a slightly higher V G is maintained under relatively strong the fact that most mutants have little effect on fitness.
apparent stabilizing selection, compared to additive muIt should be noted that varying dominance coefficients tant genes. across loci as described above increases the predictions Dominance coefficients different and constant: Results are of V G and V s,t , especially for more recessive mutants for shown in Figure 3 , a and b (dotted curves), for the case fitness (cf. Table 1 and Figure 3 below) .
where mutant genes are assumed to be additive for the trait (hЈ ϭ 0.5). Both V G and V s,t decrease with increasing degree of dominance of the pleiotropic effect (h). Intu-NUMERICAL RESULTS itively, this is because, with increasing h, selection becomes more effective in removing mutant genes from Monte Carlo simulation methods are employed to illustrate the dependence of both V G and V s,t on the the population, thus reducing mutant frequencies. As the rate of mutation decreases, real stabilizing selection population size, to verify the above analytical approxi- 2002) and V G becomes nearly independent of h over a larger range. With an constant dominance coefficients (dotted curves, fixing h at h and hЈ at 0.5) displays that, all else being the increasing rate of mutation, however, real stabilizing selection becomes weak and V G becomes increasingly same, varying dominance coefficients increases V G and V s,t (i.e., reduces apparent stabilizing selection). This is affected by h. Thus high levels of V G can be maintained and apparent stabilizing selection is due mainly to real due to the assumption that the dominance coefficients are inversely correlated with mutational effects so that stabilizing selection, as mutants for pleiotropic effect on fitness become more recessive.
the heterozygous effects of mutations on fitness (hs) always remain small, resulting in a relatively weak selecVariable dominance coefficients: For the case where dominance coefficients h and hЈ vary across loci as described tion. Moreover, all mutant genes become mildly deleterious when heterozygous and thus segregate for a long time in the population and reach higher frequencies, so that the genetic variance increases. Dominance variance appears as hЈ fluctuates around the mean 0.5, but the value of V D is very small, Ͻ1% of V G . Given hЈ ϭ 0.5, V G increases rapidly and approaches the house-of-cards approximation V G ϭ 4V s,r (Turelli 1984) as h reduces to nil. Consider typical estimates of parameters s P ϭ 0.1, ϭ 0.1, V m ϭ 10
Ϫ3
V E , and h ϭ 0.1 (Lynch et al. 1999; ) with a and s following a reflected gamma (0.0847) and gamma ( 1 ⁄ 2 ) distributions, respectively. Variable dominance coefficients result in V G ϭ 1.89V E , over 15 times that for the additive model (0.12V E ) , while the strength of apparent stabilizing selection is reduced by only 50% (from 12.1V E to 19.9V E , see Table 1 ). However, as h increases and exceeds 0.3, V G and V s,t become roughly independent of h, which partly reflects the constraint h Յ hЈ used in the calculations.
If mutations for the trait are exclusively additive, a negligible increase in V G and a slight increase in V s,t occur, compared to the above where hЈ varies. Further, removing the constraint h Յ hЈ ϭ 0.5 on variable domi- Figure 1 .-Equilibrium genetic (V G ) (a) and dominance variance (V D ) (b) and the strength of apparent stabilizing selection (V s,t ) (c), plotted against population size (N) for mutational effects of variable dominance coefficients with means h ϭ 0.2 and hЈ ϭ 0.2. Mutational effects on both the trait and fitness are independent, homozygous pleiotropic effects on fitness follow a gamma (0.125) distribution (kurtosis ϭ 47.2), and homozygous effects on the trait a reflected gamma (0.0846) distribution (kurtosis ϭ 70). Typical estimates of mutation and selection parameters are assumed: the mutation rate ϭ 0.1 per haploid genome per generation, mean pleiotropic effect on fitness s p ϭ 0.1, mutational variance V m ϭ 10 Ϫ3 V E , and real stabilizing selection of strength V s,r ϭ 20V E . Single-locus simulation results (triangle) are obtained by averaging over 10 8 mutation events, and individual-based simulations (circles) are obtained assuming 10 3 mutable loci and averaging over 10 3 equilibrium generations. Diffusion results (diamond) are obtained by Monte Carlo integration over 10 5 samples; the curves are the solid lines through the diffusion data. The dash at the end of curves represents the infinite population approximation, which is approached on the diffusion results (e.g., V G ϭ 0.9V E for N ϭ 10 13 ). The dashed curves are obtained by diffusion approximation for a and s following independent reflected gamma (0.196) and gamma (0.25) distributions, respectively. from 0.19 to 0.69 when the distribution of pleiotropic effects changes from gamma ( 1 ⁄ 2 ) to gamma ( 1 ⁄ 4 ). Data in Table 1 further show how different assumptions for distributions of mutational effects change the predictions of V G and V s,t . The three distributions of mutational effects on the trait, reflected square-root gamma (0.0145), reflected gamma (0.0847), and reflected squared exponential, for example, have the same kurtosis k 4 (a) ϭ 70. However, they give very different predicted values of V G , 0.22, 0.38, and 0.69 when h ϭ 0.5, and 3.67, 4.70, and 5.79 when h ϭ 0.1, if the pleiotropic effects on fitness are assumed to have a gamma ( 1 ⁄ 4 ) distribution. The change in V s,t is comparatively small, however. This implies that the assumption of the squared gamma distribution actually allows more mutants of large effect on the trait than do the other two distributions, and different distributions of a give different predictions of V G . Therefore, a description of the distribution solely in terms of kurtosis is not sufficient.
If the population size is not sufficiently large to retain 2NE(s) ӷ 1 for most genes, predictions of the genetic variance maintained, which are calculated using formulas for infinite population size, blow up. Considering a population size of 10 5 , the predicted value of V G is the same as or slightly smaller than the infinite approximation if constant dominance coefficients are assumed ( Figure 2 and Table 1 ). For the variable dominance Figure 3c and Table 1 for finite population sizes show that for typical estimates of mutation and selection parameters, wherever k 4 (s) Ͻ k 4 (a) Ͻ nance coefficients results in a minor decrease in V s,t and 10k 4 (s), variable dominance coefficients increase the a slight decrease in V G . If hЈ Ͻ 0.5, all else being the prediction of V G to the levels observed in natural populasame, the prediction of V G is smaller and that of V s,t is tions. larger than those for hЈ ϭ 0.5. However, such changes Impact of the correlation between |a| and s on V G and in V G and V s,t due to a decrease in hЈ are not large if the V s,t : It is biologically plausible that mutational effects on deviation of hЈ from 0.5 is small (cf. Caballero and the trait and fitness are correlated (see Keightley and Keightley 1994) . For example, with hЈ ϭ 0.4, the de Hill 1990) . If the marginal distributions of a and s have crease in V G is Ͻ10% when h ϭ 0.1 and shrinks rapidly quite different degrees of kurtosis, effects of mutations as h becomes smaller, while the increase in V s,t is Ͻ1% on the trait and on fitness can be only partially corre-(see Figure 3, a and b) .
Figure 3c). Results in
lated (Whittaker 1974) . For a fitness-related trait such Impact of distributions of mutational effects on V G as life history, the difference between k 4 (a) and k 4 (s) is and V s,t : The results listed in Table 1 show that under likely to be smaller than that for a trait less directly related to fitness, e.g., morphology. 2 are indecreases or the difference between k 4 (a) and k 4 (s) tended to describe the shape of distributions of mutaincreases, the impact of the correlation on V G becomes tional effects. If mutational effects on the trait follow a large while its impact on V s,t becomes small. However, reflected squared exponential distribution with kurtosis it can still be concluded, as in the additive model , that if the correlation between k 4 (a) ϭ 70, for example, V G can increase dramatically shown assuming infinite population size for three genome-wide mutation rates. Dotted curves are results for constant dominance coefficients (i.e., h ϭ h, and hЈ ϭ 0.5); solid thick curves are for variable dominance coefficients as described in the text with means h and hЈ ϭ 0.5; and solid thin curves are for variable dominance coefficients with means h and hЈ ϭ 0.4 and mutation rate ϭ 0.1. Other parameters of mutation and selection are as in Figure 1 |a| and s is at most intermediate, its influence on V G plausible, however, that most mutations affect fitness in and V s,t is not large. one way or another, but many fewer may affect a particular metric trait (especially when it is not closely related to fitness). This suggests that genome-wide mutations must DISCUSSION have a much more leptokurtic distribution of their effects on a metric trait than on fitness. Extending the Predictions of genetic variance (V G ) and strength of additive model by including apparent stabilizing selection (V s,t ) at mutation-selection dominance of mutations, we show that when mutations balance depend not only on the mean and variance of are much more recessive for fitness than for a metric mutational effects but also on the exact shapes of their trait of interest, high levels of genetic variance under distributions. The additive version of the joint-effect model strong stabilizing selection can be maintained under of continuously varying mutational effects (Zhang and realistic assumptions for mutations. Hill 2002) can induce a significant amount of stabilizing Most mutants of sufficiently large effect that their selection as well as a substantial genetic variance when degree of dominance can be estimated are recessive or the distribution of pleiotropic fitness effects is more leptokurtic than that of effects on a trait. It is intuitively nearly so for fitness (Fisher 1928; Muller 1950 ; Lynch Results for infinite population sizes obtained from the diffusion approximation and those for population size N ϭ model of real stabilizing selection and pleiotropic selection also indicates that dominance of mutants can substantially affect predictions of V G and V s,t , depending particularly on their relative degree of dominance on the metric trait and on the pleiotropic effect on fitness.
In particular, mutants that are much more recessive for the pleiotropic fitness effect produce higher levels of V G , while their influences become small if values of h and hЈ are the same or quite similar (see Figures 2 and  3 ; cf. Caballero and Keightley 1994).
As is the case for measurements of other important parameters of mutation (e.g., mutation rate and effect), estimates of dominance coefficients are imprecise (Lynch et al. 1999; and may differ dramatically between segregating and new mutations (Lynch and Walsh 1998; Vassilieva et al. 2000; Chavarrias et al. 2001) . In a recent review, suggest a mean dominance coefficient of the order of 0.2 for new mutations from published estimates of mean dominance coefficients of mutations on viability and other life-history traits in D. melanogaster and C. elegans. Although viability and other life-history traits are certainly related to overall fitness in one way or another, the relationship between them is obviously The available data from P-element insertions Lyman et al. 1996) suggest that the dominance coefficient for fitness is less than that for the and Walsh 1998), as is expected under certain metametric trait. Although P-element insertions are different bolic models (Kacser and Burns 1981;  Keightley from spontaneous mutations in many aspects, there is 1996). Further, experimental data have shown that domgood reason to believe that properties of P-element ininance coefficients of mutant alleles vary among loci as sertions to some extent resemble those of naturally ocdo their effects, and highly deleterious mutations tend curring mutations . Furthermore, to be nearly recessive (Mukai et al. 1972; Simmons and Fry and Nuzhdin (2003) found that transposable eleCrow 1977; Charlesworth 1979; Crow and Simmons ment insertions have greater average dominance in 1983; ; Caballero and Keightley their viability effects than do point mutations due to 1994). Considerations of (partially) recessive mutations a direct effect of heterozygous transposable element have lent support to the explanations for many phenomexpression on fitness, suggesting that spontaneous muena, such as Haldane's rule that when only one sex in tations should have smaller dominance than transposa cross-species hybrid is sterile, it is usually the heterogaable element insertions. Available data are rare, but the metic sex (Turelli and Orr 1995) , the bottleneck efsurvey by Caballero and Keightley (1994) suggests a fect on genetic variance (Wang et al. 1998) , and mainterelationship between dominance coefficients of mutants nance of sex (Chasnov 2000 ; Agrawal and Chasnov with extreme effects on fitness and on the bristle trait in 2001). However, dominance has usually been ignored Drosophila, h Ϸ 0.4 hЈ. Metabolic control theory suggests in models of genetic variation (Kimura 1965 1990) . A simple analysis in the pure pleiotropic dominance (Keightley and Kacser 1987) , but those model confirms that V G indeed depends on the domiassumptions seem too simplistic if overall fitness is one of the traits (Kacser and Burns 1981) . For a quantitative nance coefficient. Detailed analysis of the joint-effect trait that is not closely related with fitness, mutational of the population (Falconer and Mackay 1996) . Assuming the dominance coefficient of mutations for the effects on it are likely to be directly associated with the mutants and thus can be expressed directly and more or pleiotropic effect on fitness is h Ͻ 0.5 across loci while mutations are additive for the metric trait, the decrease less additively. For fitness the expression of mutational effects relies on more complicated and indirect multiple in fitness at homozygosity due to a mutant of frequency
x(1 Ϫ x)/4V s,r (cf. Lynch pathways and thus appears to be more recessive. These data and reasoning, albeit inconclusive, seem to suggest and Walsh 1998, Chap. 10). Using Kimura's (1969) diffusion approximation of heterozygosity for 2NE(s) ӷ that mean dominance coefficients of the order h ‫ف‬ 0.1 and hЈ ‫ف‬ 0.5 are likely for new mutations in natural popu-1, the inbreeding load measured by the effective number of lethal equivalents is Ͻ(1 Ϫ 2h)/h ϩ V G /2V s,r (cf. lations, but more experimental work is required. Treating h as a constant or as varying randomly in the range [0, Charlesworth and Charlesworth 1999) . For typical estimates of mutation and selection parameters (i.e., exp(ϪKs)] with mean h (Caballero and Keightley 1994) gives rise to different predictions of V G and V s,t .
ϭ 0.1, h ϭ 0.1, and V s,r ϭ 20V E ), the inbreeding load is thus ‫.18.0ف‬ As the effects of mutations are highly Varying h increases V G and V s,t , and the present model can still produce high levels of genetic variance even for h ‫ف‬ leptokurtic, the inbreeding load is likely to be smaller than this. For example, if mutational effects a and s 0.2 and hЈ ‫ف‬ 0.4 (see Table 1 and Figure 3) .
The degree of leptokurtosis of pleiotropic effects of follow reflected gamma (0.0847) and gamma (0.125) distributions, respectively, the inbreeding load is 0.52 mutations can also affect the predicted value of V G (see Table 1 ). Recessivity reduces the effective value of the in a population of size 10
5
. These predictions are in the range of empirical data (Lynch and Walsh 1998, Chap. pleiotropic effect on fitness (i.e., hs) while its leptokurtosis increases the fraction of nearly neutral mutant 10) and our model is thus robust to inbreeding depression. Another important test of the joint-effect model genes, and both reduce pleiotropic selection and generate large V G and V s,t . Whenever V G is up to the observed presented here is to compare observed and predicted changes in V G with partial inbreeding. Our preliminary levels, apparent stabilizing selection is determined mainly by real stabilizing selection (i.e., V s,t ‫ف‬ V s,r ; see analysis shows that with the typical estimates of mutation and selection parameters assumed here, partial inbreed- Table 1 ). Given the variance and the kurtosis of the distribution of a, reducing the actual fraction of nearly ing leads to an increase in V G for traits closely related to fitness and a decrease for others. Those results are neutral mutants for the trait can, however, also significantly increase the prediction of V G but slightly increase in agreement with the empirical data (Garcia et al. 1994; Fernandez et al. 1995 ; Whitlock and Fowler V s,t . All those observations confirm the conclusion that most V G produced in the joint-effect model comes from 1999). The model could be further tested by predicting the pattern of response to multiple generations of artithe alleles that are nearly neutral for fitness in heterozygotes and most V s,t is contributed by the alleles that have ficial selection for quantitative traits in laboratory populations derived from natural populations, in particular large effects on the trait (Barton 1990; Zhang and Hill 2002) . the duration of response and the variability among replicate selection lines. Predictions could be compared to The assumptions of highly leptokurtic distributions of homozygous effects and of the inverse relationship the results of the many such experiments that have been undertaken, particularly in Drosophila (Hill and between the degree of dominance and homozygous effects imply that a large fraction of deleterious mutations Caballero 1992; Falconer and Mackay 1996) . Depending on the relation between the metric trait have very small effects, such that there is very weak selection against most newly arising mutations. For the and fitness, the correlation between |a| and s can be weak or strong. For a morphological trait, the correlainfinite approximation for V G to hold (see Figure 1) , it requires a very large population, but this is not the tion seems unlikely to be strong (and the respective marginal distributions of a and s are thus quite differcase for some natural populations, especially of large vertebrates. The present model, however, shows that V G ent), and its genetic variance can be well approximated by the prediction for an independent metric trait. For still depends on dominance for reasonable population sizes (e.g., 10 4 , 10 5 ), albeit more weakly so, and predicts a fitness-related trait such as fecundity, the correlation can be strong (and the respective marginal distributions a high equilibrium genetic variance (see Figures 1 and  3c and Table 1) . of a and s are similar to some extent), so its genetic variance is expected to be low because mutants with One check of the joint-effect model of genetic variation presented here is whether the random-mating poplarge effects are lost quickly from the population. This prediction is in agreement with empirical data (Houle ulation at MSB can survive the inbreeding depression due to an alteration of mating system, for example, fullet al. 1996) . With a weak correlation such that some mutant genes have appreciable effects on the metric trait but small sib mating. Inbreeding results in an increase in homozygosity and in the fixation probability of deleterious mueffects on fitness , mutants with large effects on the trait can also have high frequencies even tants, leading to increased mutational load, decreased fitness, and thus a potentially higher risk of extinction under strong apparent stabilizing selection. This is pre-dicted to be the genetic basis of large genetic variance analyses presented here show that the joint-effect model of both continuously varying mutational effects and observed in the present model (Mackay 2001) .
With the joint-effect model presented here, it is possitheir dominance coefficients can satisfactorily explain the typical observed levels of V G and V s,t . This indicates ble to explain the common phenomenon that multiple traits under strong apparent stabilizing selection have that inclusion of more realistically variable dominance abundant variation (Falconer and Mackay 1996 ; Bü rof mutations strengthens the previous joint-effect model ger 2000). In a study to investigate the nature of the and lends further support to pleiotropic effect (Zhang and Hill 2003) , we show that mutation-selection balance as a mechanism of the mainthe pleiotropic effect arising from purely multivariate tenance of the genetic variance in natural populations. stabilizing selection should generate a distribution with
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